1. Introduction {#sec1-antioxidants-09-00470}
===============

Matrix metalloproteinases (MMPs) are a family of enzymes, Zn^2+^-dependent endopeptidases, implicated in tissue modeling through their skill to hydrolyze the protein components of the extracellular matrix (ECM) \[[@B1-antioxidants-09-00470]\]. This family of enzymes are classified according to their substrate specificity (for example, matrilysins, stromelysins, gelatinases, collagenases, and membrane-type MMPs) and named in the chronological order of discovery \[[@B2-antioxidants-09-00470]\].

MMP-2 (gelatinase A) and MMP-9 (gelatinase B), also named type IV collagenases, play an essential role in the chronic inflammatory process. In addition, MMP-2 is constitutively and ubiquitously expressed in nearly all cells of the body, whereas MMP-9 is a cytokine-inducible enzyme particularly expressed by immune cells during the inflammation process \[[@B3-antioxidants-09-00470]\].

Inflammation is a common and physiological response to harmful stimuli and nowadays is well known to be linked with the pathogenesis of several acute and chronic diseases \[[@B4-antioxidants-09-00470]\]. The inflammatory response, which is responsible to cell proliferation and invasion, involves several secreted molecules such as cytokines, chemokines, and various signaling molecules \[[@B5-antioxidants-09-00470],[@B6-antioxidants-09-00470]\]. In this context, the production of reactive oxygen species (ROS) is central to the evolution of inflammation and for the progression of several basic biological processes, including cellular proliferation and differentiation. ROS are produced by cells that are involved in the host-defense response by the oxidation of key cellular signaling proteins \[[@B7-antioxidants-09-00470],[@B8-antioxidants-09-00470]\].

The ROS also play a considerable role as signaling molecules which regulate the expression of many genes, including MMPs \[[@B9-antioxidants-09-00470]\].

The breakdown of the extracellular matrix (ECM) is a crucial issue of several biological processes such as wound healing, immune cell infiltration, angiogenesis, embryogenesis, and other physiological processes \[[@B10-antioxidants-09-00470]\]. Most MMPs are secreted as zymogens that become triggered by proteases and/or ROS or other MMPs \[[@B11-antioxidants-09-00470]\]. MMPs play an important role in the pathogenesis of inflammatory diseases with considerable tissue damage, such as rheumatoid arthritis, chronic cutaneous ulcerations, inflammatory bowel disease (IBD) as well as in cancer progression \[[@B12-antioxidants-09-00470]\]. The downregulation of expression and activity of MMPs is under stringent control in physiological situations, whereas the upregulation of the activity of MMPs is frequent in pathological conditions. During metastasis, many regulatory events happen, with the involvement of specific molecules. The main metastatic processes include migration and invasion, circulation and adhesion, and colonization. In the early stage, the alteration of ECM, responsible for cell--cell contact induces metastasis and migration. Thus, MMPs contribute to tumor cells' ability to invade and metastasize \[[@B13-antioxidants-09-00470]\]. For these reasons, MMPs represent an attractive therapeutic target for the treatment of inflammatory diseases, such as cancer.

Indeed, many studies have confirmed that chronic inflammation increases the risk of cancer, promotes tumor progression, and supports metastatic spread. Inhibition of cancer cell migration, invasion and adhesion and/or regulators of expression may be a real strategy for restraining metastasis \[[@B14-antioxidants-09-00470]\]. In recent years, several phenolic compounds (such as ferulic acid derivatives), have been discovered to present a range of pharmacological and biological effects, like anti-hyperlipidemia, anti-atherogenic, anti-diabetes, anti-tumor, anti-inflammatory and antioxidant \[[@B15-antioxidants-09-00470]\]. 3-(4′-Geranyloxy-3′-methoxyphenyl)-2-trans propenoic acid denominated 4′-geranyloxyferulic acid (GOFA, [Figure 1](#antioxidants-09-00470-f001){ref-type="fig"}) is an oxyprenylated ferulic acid derivative that was extracted for the first time in 1966 from the root and bark of *Acronychia baueri* Schott (Fam. Rutaceae). In recent years, the pharmacological properties of this compound have begun to be described and assessed, showing anti-tumor and anti-inflammatory proprieties \[[@B16-antioxidants-09-00470]\].

Inflammation plays a multifarious role in cancer development. Lipopolysaccharide (LPS) is a glycolipid of the outer membrane of Gram-negative bacteria, responsible for increased production of proinflammatory cytokines \[[@B17-antioxidants-09-00470]\].

Reports have suggested that LPS acts not only on immune cells but also on some types of epithelial cells including cancer cells \[[@B18-antioxidants-09-00470]\].

During cellular activation, LPS, complexes with LPS-binding protein (LBP) and CD14 to activate intracellular transduction signaling through Toll-like receptor 4 (TLR4) \[[@B19-antioxidants-09-00470]\]. TLR4, which is expressed in many human cancer cell lines, plays an important role in linking LPS to inflammation and cancer invasion and progression \[[@B20-antioxidants-09-00470]\].

Based on this premise, we investigated the effect of GOFA on lymphocytic histiocytoma (U937) cells and colorectal cancer (HCT116) cells migration induced by LPS. In addition, we explored the possible molecular mechanisms involved in the process.

2. Materials and Methods {#sec2-antioxidants-09-00470}
========================

2.1. Cell Culture {#sec2dot1-antioxidants-09-00470}
-----------------

Human monocytes cell line U937 (ATCC^®^ CRL-1593.2™) and human colorectal carcinoma cell line HCT 116 (ATCC^®^ CCL-247™) were cultured at a density of 10^6^ cells/mL in RPMI 1640 medium (Sigma-Aldrich, MA, USA) and in McCoy's 5A modified medium (Sigma-Aldrich, MA, USA) respectively. The cells were cultured as reported previously \[[@B21-antioxidants-09-00470],[@B22-antioxidants-09-00470]\].

The cell viability, determined by trypan blue exclusion, was \>99%. Cells were seeded onto six-well tissue culture plates and incubated overnight at 37 °C in a humidified atmosphere of 5% CO~2~. More than 98% of cells were viable, as determined by trypan blue dye exclusion at the starting point of the culture, and more than 90% were viable at the time of cell collection.

For the experimental set point, the U937 cell line was treated with 1, 10, 25, 50 and 100 µM of GOFA, and the HCT116 cell line was treated with 0.1, 1, 10, 50 and 100 µM of GOFA. GOFA was synthesized in our laboratories as previously reported \[[@B23-antioxidants-09-00470]\]. In some experiments, cells were treated with LPS (10 µg/mL, Sigma, St Louis, MO, USA), extracellular signal-regulated kinase (ERK)1/2 inhibitor (5 µM) (PD980559, Calbiochem, San Diego, CA, USA), p38 inhibitor (30 µM) (SB203580, Calbiochem, San Diego, CA, USA) and/or N-Acetyl-L-cysteine (3 mM, NAC, A7250 Sigma, St Louis, MO, USA). GOFA was added to the culture medium 30 min before the stimulation with LPS, while the other compounds were added 60 min before LPS.

2.2. MTT Assay for Cell Viability and Cytotoxicity {#sec2dot2-antioxidants-09-00470}
--------------------------------------------------

The MTT assay was used to assess cell viability and cytotoxicity of GOFA on both cell lines. Briefly, the U937 and HCT116 cells were seeded on 96-well plates at a density of 8 × 10^3^ cells/well, and cultured and treated according to the method described above \[[@B24-antioxidants-09-00470]\]. The MTT assay was performed in experiments with U937 or HCT116 cells treated with different concentrations of GOFA as reported above, with and without LPS (10 µg/mL Sigma, St Louis, MO, USA). The MTT (20 µL; 0.5 mg/mL) and the culture medium (200 µL) were added to each well and, to dissolve the formazan that had formed, and the plates were incubated at 37 °C for 4 h. When this solution (220 µL) was removed, 150 µL of DMSO was added to each well and the reduced MTT was quantized at a wavelength of 570 nm on an ELISA reader (Bio-Rad, Hercules, CA, USA). The cell viability percentage was calculated using to the equation below:

2.3. Cell Cycle Analysis {#sec2dot3-antioxidants-09-00470}
------------------------

Approximately 0.5 × 10^6^ cells per experimental state were harvested, fixed in 70% cold ethanol, and kept overnight at 4 °C. Cells were then re-suspended in 20 µg/mL propidium iodide (PI) and 100 μg/mL RNase, final concentrations. Cell cycle profiles (10,000 cells) were evaluated with a FC500 flow cytometer with the FL3 detector in a linear mode using the CXP software (Beckmann Coulter, Miami, FL, USA). Data were investigated with the MultiCycle software (Phoenix Flow Systems, San Diego, CA, USA).

2.4. Migration Assay for U937 Cells {#sec2dot4-antioxidants-09-00470}
-----------------------------------

The quantitative migration assay was performed using a modified Boyden chamber (Transwell^®^, Corning, NY, USA) with a pore polycarbonate filter (8.0-µm) inserted in a 24-well plate. After having counted the cells, 0.5 mL of the starved cell suspension was seeded on the upper chamber (2.5 × 10^3^) in different culture conditions: untreated cultures (Ctrl), GOFA, GOFA+LPS. The bottom chamber was filled with 0.6 mL of complete growth medium. Following 24 h incubation, cells from both the upper and the bottom chamber were harvested separately, and the number of migrated cells was assessed by flow cytometry (CytoFLEX, Beckman Coulter, CA, USA). Before running samples, morphological parameters (Side Scatter/Forward Scatter, SSC/FSC) and a defined acquisition time (1 min) were set up. Data were expressed as the number of cells refracting the laser emission through the CytExpert Software (Beckman Coulter, CA, USA).

2.5. Scratch Assay {#sec2dot5-antioxidants-09-00470}
------------------

The scratch assay is a well-developed method to investigate the HCT116 cell migration in vitro. The cells were seeded at a density of about 1 × 10^6^ cells/well (10^4^ cells/cm^2^, in 6-well plates) in complete medium at 37 °C and 5% CO~2~ (*v*/*v*), and grown for 24 h to allow them to reach about 90% confluence. Scratches were created mechanically with a sterile pipette tip (Ø = 0.1 mm) on cell monolayer. We were careful to produce uniformly sized wounds of approximately 0.5 mm, and debris was removed from the culture and cells were then cultured with fresh medium. The size of the gap at a selected position was measured using the cell Sense Imaging software (Olympus, Hamburg, Germany) at the starting point of the experiment (0 h), after 24 h and up to 48 h. The ratio of the gap size at certain time points to the gap size at 0 h was calculated and replicates were averaged. Scratch closure was assessed every 2 h using an inverted microscope (Leica DM IL D-35578 Wetzlar, Germany) at a magnification of x10 and photographed with a Colour View II digital camera to measuring the remaining cell-free area in triplicates wells. The results were expressed as percentage of the cell-free area at T 24 h or T 48 h compared to T~0~ and represented as mean ± SD of 3 independent experiments.

2.6. Analysis of MMP-9 Activity by Gelatin Zymography {#sec2dot6-antioxidants-09-00470}
-----------------------------------------------------

Gel zymography was performed as previously described \[[@B25-antioxidants-09-00470]\]. Cellular supernatants were collected, and protein content was determined by Bradford assay (Bio-Rad, Hercules, CA, USA). Samples were loaded and subjected to 8.5% SDS-PAGE (Bio-Rad) containing porcine gelatin at 4.5 mg/mL (Sigma-Aldrich, St Louis, MO, USA) in non-denaturing, non-reducing conditions. The MMP-9 band density quantification was performed using Gel Doc 1000 (Bio-Rad).

2.7. mRNA Extraction and qRT-PCR Analysis {#sec2dot7-antioxidants-09-00470}
-----------------------------------------

Extraction of total RNA from cells was performed using TRIzol reagent (Invitrogen, Carlsbad, CA, USA), following to the manufacturer's protocol. Total RNA concentration was measured at 260 nm using a Bio-Photometer (Eppendorf AG, Hamburg, Germany). RNA samples were preserved frozen at −80 °C until use. A quantitative RT-PCR assay was performed in an Eppendorf Mastercycler ep realplex (Eppendorf AG) as described previously \[[@B26-antioxidants-09-00470]\]. Preliminary PCR reactions were run to optimize the concentration and ratio of each primer set. For all cDNA templates, 2 μL was used in a 20 μL real-time PCR amplification system of SYBR Green Real Master Mix Kit following the manufacturer's protocol. Primers targeting MMP-9 and 18S rRNA were designed using GeneWorks software (IntelliGenetix, Inc., World Wide Corporation, Mountain View, CA, USA) (MMP-9 forward: 5′-AGTGGCACCACCACAACAT-3′; reverse: 5′ CCTGGGTGTAGAGTCTCTCG-3′; 18S forward: 5′-CTTTGCCATCACTGCCATTAAG-3′ and reverse: 5′-TCCATCCTTTACATCCTTCTGTC-3′). The fluorescence intensity of the double strand-specific SYBR Green, reflecting the amount of formed PCR product, was monitored at the end of each elongation step. Melting curve analysis was performed to confirm the purity of the PCR products. Variations in MMP-9 gene expression were analyzed using the (ΔΔCt) method (relative expression =2Δ^−CT^, where ΔCT = C~T(MMP9)~ − C~T(18S)~) with a threshold cycle value of 0.2 normalized to 18S rRNA. Predicted cycle threshold values were exported directly into Excel worksheets for analysis. Relative changes in gene expression were reported as a calibrator-normalized ratio relative to the calibrator cDNA (control value = 1) prepared in parallel with the experimental cDNAs. The experiments were repeated twice with consistent results and data are presented as means ± SD from biological triplicates.

2.8. Western Blot {#sec2dot8-antioxidants-09-00470}
-----------------

Western blot analysis was performed as reported previously \[[@B27-antioxidants-09-00470]\]. U937 and HCT-116 cells were collected and lysed in RIPA buffer. Total protein extracts were separated on a 4--12% NuPAGE gradient gel (Gibco Invitrogen, Paisley, UK). Blots were probed and incubated overnight with primary antibodies for p-p38 (Tyr182, sc-101759), p-ERK (Thr202, sc-101760), and β-actin (sc-47778) (Santa Cruz Biotechnology, Santa Cruz, CA, USA). The Super Signal Ultra chemiluminescence detection reagents (Pierce Biotechnology, Rockford, IL, USA) were used to detect the protein expression. A gel analysis software package (Gel Doc 1000; Bio-Rad) was employed to analyze the blot images.

2.9. ROS Production Analysis {#sec2dot9-antioxidants-09-00470}
----------------------------

ROS measurement was performed as described previously \[[@B28-antioxidants-09-00470]\]. Cells (5 × 10^5^) were resuspended with carboxy-2′,7′-dichloro-dihydro-fluorescein diacetate (DCFH-DA Sigma, St Louis, MO, USA) probe and incubated at 37 °C for 30 min in the dark. The fluorescence was determined after 24 h of treatment measuring the absorbance at 485 (excitation) and 535 nm (emission) wavelengths using a dark microplate reader (Molecular Devices Spectra MAX Gemini X).

2.10. Cell Senescence Assay {#sec2dot10-antioxidants-09-00470}
---------------------------

Senescence-associated β-galactosidase (SA-β-Gal) was performed using the fluorescent cellular senescence assay kit from Cell Biolabs (San Diego, CA, USA) and following the manufacturer's recommended protocol. Briefly, cells were washed with cold PBS and lysed. Lysates were centrifuged and supernatant was collected. After transfer to fluorescence 96-well plates, the lysates were incubated with the assay buffer for 1 h at 37 °C. The reaction was stopped, and the fluorescence was measured at 360 (excitation) and 465 nm (emission) on a dark microplate reader (Molecular Devices Spectra MAX Gemini X).

2.11. Annexin V/PI Detection of Apoptotic and Necrotic Cells in Flow Cytometry {#sec2dot11-antioxidants-09-00470}
------------------------------------------------------------------------------

To assess apoptosis, a commercial Annexin V-FITC/PI kit (Bender MedSystems GmbH, Vienna, Austria) was used following the manufacturer's protocols, as previously reported \[[@B29-antioxidants-09-00470]\]. Briefly, the cells were gently re-suspended in binding buffer and incubated for 10 min with Annexin V-FITC at room temperature in the dark. Samples were then washed and supra-vitally stained with PI (5 μg/mL). The analysis was performed with a FC500 flow cytometer with the FL1 and FL3 detector in a log mode using CXP analysis software (Beckmann Coulter). For each sample, 10,000--20,000 events were saved. Viable cells were Annexin V^neg^/PI^neg^ (unlabelled), early apoptotic cells were Annexin V^pos^/PI^neg^, late apoptotic and necrotic cells were Annexin V^pos^/PI^pos^ and Annexin V^neg^/PI^pos^, respectively.

2.12. Caspase 3 Assay {#sec2dot12-antioxidants-09-00470}
---------------------

The fluorogenic substrate Ac-DEVD-pNA (Ac-Asp-Glu-Val-Asp-7-amino-4-methylcoumarin; Enzo Life Sciences LTD, Exeter, UK) was used to perform Caspase-3 (EC 3.4.22.56) activity. First, the cells were centrifuged (1000× *g*, 5 min, 4 °C) and then lysed using a lysis buffer (50 mM Tris pH 7.5, 150 mM NaCl, 5 mM ethylenediaminetetra-acetatedihydrate (EDTA), and 0.2% Nonidet P-40). After centrifugation (17,000× *g*, 10 min, 4 °C) the reaction buffer containing 4-(2-hydroxyethyl) piperazine-1-ethanesulfonic acid (HEPES)) (10 mM, pH 7.5), NaCl (50 mM), MgCl~2~ (5 mM), dithiothreitol (DTT) (2.5 mM), and EDTA (1 mM) was added. Finally, the samples were incubated with the substrate (50 µM) and the fluorescence (substrate turnover) was evaluated measuring, in a 96-well microplate reader (model 550; Bio-Rad Laboratories, Inc., Hercules, CA, USA), the excitation and emission at 360 and 460 nm, respectively. The rate of substrate hydrolysis was monitored at 37 °C.

2.13. Statistical Analysis {#sec2dot13-antioxidants-09-00470}
--------------------------

All results were expressed as mean ± SD, for each assessment performed at least in triplicate. One-way ANOVA was performed to compare means between groups. A probability of null hypothesis of 5% (*p* \< 0.05) was considered as statistically significant. Data were analyzed with SPSS v19.0.1 (SPSS) for Windows.

3. Results {#sec3-antioxidants-09-00470}
==========

3.1. Cell Viability {#sec3dot1-antioxidants-09-00470}
-------------------

The viability of U937 and HCT116 cells in the presence of LPS and different concentrations of GOFA was assessed using the MTT assay. The viabilities of U937 and HCT116 cells were reduced by the treatment with LPS ([Figure 2](#antioxidants-09-00470-f002){ref-type="fig"}). All GOFA concentrations tested, except for 100 µM, did not affect the viability of U937 cells after 24 h of treatment ([Figure 2](#antioxidants-09-00470-f002){ref-type="fig"}a). However, when the cells were pre-treated with GOFA and then stimulated with LPS, the cell viability in U937 cells was increased when the cells were treated with 1, 10, 25 and 50 µM of GOFA compared to LPS-stimulated cells ([Figure 2](#antioxidants-09-00470-f002){ref-type="fig"}a). Similarly, all GOFA concentrations tested were not cytotoxic in HCT116 cells ([Figure 2](#antioxidants-09-00470-f002){ref-type="fig"}b). A significant reduction in cell viability was observed in HCT116 cells pretreated with 50 and 100 µM of GOFA. Thus, the non-cytotoxic GOFA concentrations of 1, 10 and 50 µM were used in the subsequent experiments in U937 cells and 0.1, 1 and 10 µM in HCT116 cells.

3.2. GOFA Affects Cell Proliferation and Migration {#sec3dot2-antioxidants-09-00470}
--------------------------------------------------

We assessed whether GOFA treatment could modulate cell cycle progression in cells stimulated with LPS for 24 h by flow cytometry. As shown in [Figure 3](#antioxidants-09-00470-f003){ref-type="fig"}, U937 and HCT116 cells presented different cell cycle distributions. In particular, GOFA treatment in LPS-stimulated U937 cells resulted in a significant decrease in cell proliferation compared with the cells stimulated with LPS alone, with progressive and sustained accumulation of cells in the G~2~ phase ([Figure 3](#antioxidants-09-00470-f003){ref-type="fig"}a). GOFA treatment significantly decreased the percentage of U937 cells in the G~1~ phase as compared to LPS-stimulated cells (from 50.2% to 44.2% (1 µM), 46.9% (10 µM) and 46.2% (50 µM); *p* \< 0.001) and increased the percentage of cells in G2/M phase (from 2.8% to 8.2% (1 µM), 14.2% (10 µM) and 13.6% (50 µM); *p* \< 0.01). The treatment with GOFA alone did not have an impact on the cell cycle distribution of U937 cells (data not shown).

In HCT116 cells ([Figure 3](#antioxidants-09-00470-f003){ref-type="fig"}b), the administration of GOFA was slightly effective on cell proliferation compared with the cells stimulated with LPS alone. LPS exposure induced a high increase in the number of cells being in the S phase in comparison with the control sample whereas the percentage of cells both in G~1~ and G~2~/M decreases accordingly. The administration of GOFA together with LPS does not seem able to counteract the effects of the endotoxin, with the exception of the lowest dose (0.1 µM), where the percentage of both G~1~ (from 45.2% to 47.9%; *p* \< 0.001) and G~2~/M are increased and the S is decreased (from 44.1% to 39.5%; *p* \< 0.01) if compared to the LPS sample, showing then a tendency towards the control sample values.

The effect of GOFA on LPS-induced migration/infiltration of U937 cells was investigated in vitro by using a Boyden chamber Transwell assay. [Figure 4](#antioxidants-09-00470-f004){ref-type="fig"}a shows representative flow cytometric cell counting results for the samples in the SSC-A vs. FSC-A graphs. The U937 cell count is significantly increased by 32% after the LPS stimulation compared to untreated cells ([Figure 4](#antioxidants-09-00470-f004){ref-type="fig"}a, \* *p* \< 0.05). A significant reduction in the cell number is observed in cells pre-treated with GOFA. Specifically, 10 and 50 µM of GOFA have decreased the number of U937 cells by 27% and 34%, respectively ([Figure 4](#antioxidants-09-00470-f004){ref-type="fig"}a; ^\#^ *p* \< 0.05) following incubation for 24 h. To measure the HCT116 cell migration ability, we employed a scratch assay ([Figure 4](#antioxidants-09-00470-f004){ref-type="fig"}b). HCT116 cells were pre-treated for 1 h with GOFA (0.1, 1 and 10 µM) and then stimulated with LPS for 24 and 48 h. A lawn of cells was scratched with a fine tip, and scratch closure size was measured for areas between two layers of scratches. HCT116 cells' scratch assay revealed that LPS-stimulated cell migration and cell invasion were significantly inhibited by GOFA. Migration cell assays indicated that GOFA have an inhibitory effect on the invasiveness of LPS-treated HCT-116 cells, significantly reducing the matrix invasive potential.

3.3. GOFA Attenuates Apoptosis and Cell Senescence {#sec3dot3-antioxidants-09-00470}
--------------------------------------------------

Since the cell cycle analysis highlights the presence of a subdiploid peak, suggesting the occurrence of apoptosis, a more accurate assay was performed on these cells to investigate the presence of apoptotic cells ([Figure 5](#antioxidants-09-00470-f005){ref-type="fig"}a,b). Flow cytometry analysis performed on U937 cells ([Figure 5](#antioxidants-09-00470-f005){ref-type="fig"}a), where the subdiploid peak was observed just in two experimental conditions, showed that the treatment with LPS determined a significant increase in the apoptotic rate. The effects of GOFA pre-treatment on the monocyte cell line turned out to be effective even at a lower concentration.

The same assay confirmed the presence of apoptosis in all the HCT116 samples ([Figure 5](#antioxidants-09-00470-f005){ref-type="fig"}b), mainly in the cells exposed to LPS. The percentage of apoptotic cells is reduced when the GOFA is added to the culture medium in what appears to be a dose dependent manner.

In line with apoptosis data, caspase 3 activity, known to be crucial mediators of programmed cell death, showed a marked increase in LPS-stimulation in both cell lines as compared to control ([Figure 5](#antioxidants-09-00470-f005){ref-type="fig"}c,d). Pre-treatment with all GOFA concentrations used significantly reduced the percentage of apoptotic cells.

Furthermore, since there is increasing evidence that the senescence response could have a detrimental effect owing to the complexity of the secretory senescent phenotype \[[@B30-antioxidants-09-00470]\], we investigated whether GOFA could affect the cell senescence. We investigated senescence via a β-galactosidase activity assay ([Figure 5](#antioxidants-09-00470-f005){ref-type="fig"}e,f). The results demonstrate that LPS stimulation induced a significantly higher proportion of SA-β-gal-positive in both cell lines compared with the control (panel e and f). The pre-treatment with GOFA determined a reduction in the total cell population with β-gal-positive senescent cells, although the reduction was significantly greater at higher concentrations for both cell lines. These results show that GOFA could act as a senolytic compound in a dose-dependent manner in inflammatory/stimulated cells.

3.4. GOFA Effects on MMP-9 Expression and Activity {#sec3dot4-antioxidants-09-00470}
--------------------------------------------------

Previous studies have evidenced that MMPs, particularly MMP-2 and -9, play important roles in cancer metastasis, contributing to angiogenesis, intravasation of tumor cells, and cell migration and invasion \[[@B14-antioxidants-09-00470]\]. To investigate whether GOFA modulates MMP-9 expression and activity, we performed qRT-PCR and zymography analysis following GOFA treatment on U937 and HCT116 cells, after inducing with LPS ([Figure 6](#antioxidants-09-00470-f006){ref-type="fig"}). The levels of MMP-9 were not modified by GOFA treatment alone (data not shown). The MMP-9 activity increased by 34% and 35.78% after 24 h, respectively, in U937 and HCT116 cells (\* *p* \< 0.05 for both) after LPS-stimulation compared to control cells ([Figure 6](#antioxidants-09-00470-f006){ref-type="fig"}). In contrast, MMP-9 activity was significantly decreased by 30.95% in U937 cells pre-treated with 10 µM of GOFA and by 27.36% in HCT 116 following the pre-treatment with 1 µM of GOFA, when compared to LPS-treated cells (^\#^ *p* \< 0.05 for both). MMP-9 expression data performed by qRT-PCR showed a similar trend of activity. In summary, our data indicate that GOFA-attenuated invasion of LPS-stimulated U937 and HCT116 cells was mediated through the downregulation of MMP-9 at the transcriptional level.

3.5. GOFA Inhibits Invasion of U937 and HCT116 Cells by Reducing MMP-9 Activity via ROS/ERK Pathway {#sec3dot5-antioxidants-09-00470}
---------------------------------------------------------------------------------------------------

The mitogen-activated protein kinase (MAPK) signaling pathway has a pivotal role in cancer events and its target molecules (p38 and ERK) are linked to tumor growth, migration, and invasion \[[@B14-antioxidants-09-00470]\]. Moreover, as many studies have reported that MAPK signaling activation is downstream of redox imbalance, we assessed the level of intracellular ROS by flow cytometric analysis with DCFH-DA. [Figure 7](#antioxidants-09-00470-f007){ref-type="fig"} shows an increase in ROS generation in U937 and HCT116 cells treated with LPS for 24 h. Noticeably, pre-treatment with GOFA in LPS stimulated cell lines abrogated significantly ROS generation, at all concentrations examined, in both U937 and HCT116 cells with a comparable entity elicited with N-acetyl-L-cysteine (NAC) (the ROS scavenger) pretreatment. To better characterize the mechanism underlying the anti-proliferative effect of GOFA, we analyzed whether it influenced p38 and ERK expression. To inspect the involvement of ERK and p38 signaling pathways in GOFA mediated effect, LPS-stimulated U937 and HCT116 cells, were exposed to GOFA, in the presence of p38 and pERK1/2 inhibitors. LPS activated p38 and ERK signaling pathways, as evidenced by their increased phosphorylation, in both cell lines ([Figure 8](#antioxidants-09-00470-f008){ref-type="fig"}). GOFA did not affect the phosphorylation of p38 in both cell lines compared to LPS treatment with or without p38 inhibitor, used as a positive control ([Figure 8](#antioxidants-09-00470-f008){ref-type="fig"}). The result of expression analysis of pERK shows that GOFA downregulates LPS-induced phosphorylation of ERK in both cell lines, acting like a pERK inhibitor. A greater significance was obtained for GOFA concentration of 10 and 1 µM on U937 and HCT116, respectively. Thus, to perform subsequent experiments, these GOFA concentrations were used. LPS is well-known to activate several genes, many of which are mediated by the MAPKs. As LPS have an effect on the cellular redox state, we attempted to define, in this in vitro study, whether there is a differential effect of NAC on LPS activation of the MAPKs, ERK1/2 and p38. However, whereas NAC inhibited LPS-induced ERK1/2 phosphorylation, there was no such inhibitory effect on LPS-induced p38 phosphorylation in both cell lines ([Figure 8](#antioxidants-09-00470-f008){ref-type="fig"}). Testing the hypothesis that GOFA acts via ERK signaling pathways, LPS-activated U937 and HCT116 cells and pre-treated with GOFA, were analyzed in the presence of specific inhibitor of ERK1/2 (PD98059) and the activity of MMP-9 was performed ([Figure 9](#antioxidants-09-00470-f009){ref-type="fig"}). The ROS scavenger, NAC, was used as a negative control for the evaluation of the effect of ROS in inducing MMP-9.

In U937 and HCT116 cells LPS-activated and pre-treated with GOFA, pERK1/2 inhibition significantly attenuate the activity of MMP-9. Remarkably, treatment with GOFA in LPS stimulated cell lines significantly abrogated MMP-9 activity with a similar entity caused by ROS scavenger pretreatment, highlighting a greater significance on the monocytic cells compared to the colon rectal cancer cell. These results indicate that the pERK1/2 signaling pathway is involved in GOFA modulation of MMP-9 in monocytic and colorectal cancer cells LPS-induced.

Finally, the effect of ERK inhibitors on cellular migration after 24 h of GOFA treatment was tested ([Figure 9](#antioxidants-09-00470-f009){ref-type="fig"}) in order to further verify whether the ROS/ERK signaling acts as upstream signaling pathways in GOFA-observed anti-proliferative effects on U937 and HCT116 cells. The inhibition of ERK kinase resulted in decreased GOFA-reduced cell migration of both cells types compared to LPSactivated cells. Cells treated with GOFA produce the same effect as NAC on inhibiting LPS-induced proliferation. These results confirm that GOFA reduces the activation and expression of MMP-9 and cell migration, affecting ROS/pERK signaling pathways in U937 and HCT116 cells.

4. Discussion {#sec4-antioxidants-09-00470}
=============

The main objective of this research was to investigate the ability of GOFA to affect the migration and invasion of two different cell lines, monocytic human myeloid leukemia and colon cancer cells, using a well-known migration assay in vitro model.

We valuated whether GOFA has the properties to attenuate LPS-promoted malignancy on U937 and HCT116 cell lines through the modulation of proliferative/migration activity and apoptosis/senescence and to determine, at least in part, the molecular mechanisms underlying GOFA's effects.

Nowadays, the research and the development of anti-proliferative/invasive natural chemical compounds for tumor cells are under active investigation, due to the toxic and drug resistance side effects of the current chemotherapy drugs.

In the last few years, many oxyprenylated natural phenylpropanoids displayed either cytostatic or cytotoxic growth inhibitory effects in vitro \[[@B23-antioxidants-09-00470]\]. Miyamoto S. et al. (2008) reported that 3-(4-geranyloxy-3-methoxyphenyl)-2-trans-propenoyl-L-alanyl-L-proline (GAP), a derivative of ferulic acid, inhibited Azoxymethane (AOM)/Dextran Sodium Sulfate (DSS)-induced, colitis-related, colonic carcinogenesis through the modulation of cell proliferation, the reduction in inflammation, and the suppression of oxidative damage, enhancing the antioxidant enzyme HO-1, without any adverse effects in mice \[[@B31-antioxidants-09-00470]\].

GOFA is an oxyprenylated natural product that has been reported to show interesting and promising therapeutic potentialities, including chemopreventive effects in a variety of tissues and anti-inflammatory activity through oxidative stress inhibition \[[@B32-antioxidants-09-00470],[@B33-antioxidants-09-00470]\].

Recently, we demonstrated that GOFA permeates the cell membrane and accumulates intracellularly for a relatively long period \[[@B34-antioxidants-09-00470]\]. These pharmacokinetic data are crucial for explain its therapeutic efficiency and to understand the exact molecular mechanism underlying these unclear effects.

Chronic inflammation and genetic-cellular signaling modification contribute to the development and progression of cancer. Developing evidence indicates the mutual interdependence of local immune response and systemic inflammation in the progression of malignant diseases. This acquisition provides a therapeutic opportunity to target intracellular inflammatory signaling pathways to impair the progression from chronic inflammation to malignant disease \[[@B35-antioxidants-09-00470]\].

Toll-like receptor 4 (TLR4)-mediated inflammatory signaling, known to recognize LPS, was described as a key player in the relationship with the malignant behavior of cancer cells.

TLR4 is generally reported in immune cells but aberrant expression was found in various types of carcinoma, showing a correlation between its expression level and the malignancy of cancer. TLR4 could modulate immunosuppressive cytokine induction and apoptosis resistance, events responsible of cancer cells' immune escape \[[@B36-antioxidants-09-00470]\].

LPS is a well-known inflammatory stimulus and has been reported to stimulate metastasis in human colorectal carcinoma cell lines (SW48) by increasing migration, adhesion, and invasion in a TLR4-dependent way \[[@B37-antioxidants-09-00470]\].

Consequently, this present study aimed to address whether the suppression of LPS-mediate TLR4-signaling reduce inflammation-induced cancer progression in addition to dampen the inflammatory response, as we reported previously \[[@B38-antioxidants-09-00470]\]. Our data show that GOFA inhibits LPS-induced cell proliferation and migration/invasion in U937 and HCT116 cells.

We observed a significant reduction in the proliferation and migration of GOFA-pretreated cells using a scratch assay for HCT116 cells and a modified Boyden chambers for U937 cells.

These results are consistent with previous data that described anti-proliferative effects of GOFA in colitis-related colon carcinogenesis in vivo, via regulating the activity of the NF-κB-mediated pathway and the expression of proinflammatory cytokines \[[@B33-antioxidants-09-00470]\].

Tumorigenesis and metastatic processes are complex in which two important cellular events, such as cellular senescence and apoptosis, are compromised during tumorigenesis and metastatic \[[@B39-antioxidants-09-00470],[@B40-antioxidants-09-00470]\].

In the present study, we found, for the first time, that in two different cell-lines, GOFA caused a dose-dependent reduction in the percentages of SA-β-gal-positive cells in response to LPS, indicating an impairment of the senescence process. Moreover, GOFA caused a dose-dependent reduction in apoptosis, as assessed by Annexin V/PI staining. Furthermore, GOFA suppressed cellular growth in LPS-stimulated HCT116 and U937 cells as indicated by the arrest of cell cycle distribution. The lack of effect observed with low GOFA concentrations might be attributed to the short duration of treatment.

In this case, the potential senolytic efficacy of natural bioactive compounds on LPS-induced senescent-associated secretory phenotype (SASP) might be crucial. It is an emerging concept that senescent cells could display an increased metabolic activity and develop the SASP, which includes several metabolites, such as pro-inflammatory cytokines and metalloproteinases involved in inflammatory processes, stimulation of cell growth and survival of nearby malignant cells \[[@B41-antioxidants-09-00470]\].

MMP are extracellular proteases representing a potential therapeutic target for their role in inflammatory processes and tumor progression. The proteolytic degradation of the extracellular matrix (ECM) by MMPs is required for migration and invasion of malignant cancer cells \[[@B42-antioxidants-09-00470],[@B43-antioxidants-09-00470]\].

Among the various MMPs described and involved in malignant cancer cells, our attention has focused on gelatinase MMP-9, considered as the "prognostic biomarkers" for different malignant tumors. Firstly, MMP-9 is overexpressed in many experimental animal models and different histological types of human malignant tumors (solid cancers such as colorectal and hematological malignancies), and secondly, its expression and activity is often associated with greater tumor aggression and an unfavorable prognosis \[[@B44-antioxidants-09-00470],[@B45-antioxidants-09-00470]\].

Our results show that LPS stimulation caused upregulated MMP-9 expression and activity in both U937 and HCT116 cell lines. GOFA significantly inhibited MMP-9 enzymatic activity and expression. These results indicate that the anti-migration and anti-invasion effect of GOFA may be mediated by the inhibition of MMP-9 enzyme activity and expression.

Numerous reports have suggested that MMP-9 expression/activity regulation and tumor development and progression are critically mediated by MAPK signaling pathway.

LPS-induced MMP-9 expression and activity involves the activation of the ERK1/2 and p38 signaling pathways \[[@B1-antioxidants-09-00470],[@B46-antioxidants-09-00470],[@B47-antioxidants-09-00470]\].

Hence, to investigate the molecular mechanism underlying GOFA-reduced MMP-9 expression in monocytic and colorectal cancer cells, we assessed the effects of specific inhibitors of MAPKs (ERK and p38) on LPS-induced migration and MMP-9 activity. Moreover, since ROS formation mediates a wide range of cellular processes, including metastasis by triggering the MAPK activation, we examined the effect of GOFA on ROS generation.

This study has shown that LPS increased MMP-9 expression and activation by phosphorylation of p38 and ERK and by ROS accumulation in both model cells.

Among MAPKs, ERK phosphorylation has been shown to be significantly downregulated by the GOFA treatment in a dose-dependent manner in both HCT116 and U937 cells.

The experiment with ERK1/2 inhibitor (PD98059) revealed that GOFA reduces LPS-induced invasion and MMP-9 activity by ERK1/2 activation through ROS generation.

Taken together, these data show that GOFA could represent a potential natural anticancer molecule that inhibits HCT116 and U937 cell proliferation and migration in combination to apoptosis and senescence attenuation. The reduction in MMP-9 enzyme activity and gene expression, associated with the inhibition of pERK and p38 activity/expression correlated with ROS levels, accounts for the anti-metastatic effects of GOFA, as previously reported in in vivo studies \[[@B31-antioxidants-09-00470]\].

These new findings on the role of GOFA in inhibiting cancer cell proliferation and migration could be therapeutically beneficial to prevent tumor metastasis.
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![Chemical structures of 3-(4′-geranyloxy-3′-methoxyphenil)-2-trans propenoic acid (GOFA).](antioxidants-09-00470-g001){#antioxidants-09-00470-f001}

![Effects of GOFA on U937 and HCT116 cells viability (MTT test). (**a**) U937 cells were treated with 1, 10, 25, 50, and 100 μM of GOFA for 24 h. Results are shown as percentages of control samples. Data are presented as means ± SD of 3 independent experiments (*n* = 3); (**b**) HCT116 cells were treated with 0.1, 1, 10, 50 and 100 μM of GOFA for 24 h. Data are presented as percentage of control samples (means ± SD, *n* = 3). \* *p* \< 0.05 vs. control cell; ^\#^ *p* \< 0.05 vs. cells treated with lipopolysaccharide (LPS) alone.](antioxidants-09-00470-g002){#antioxidants-09-00470-f002}

![Flow cytometry analysis for cell cycle DNA content in G~0~/G~1~, S, G~2~/M phase after treatment of LPS with and *w/o* GOFA in U937 and HCT116 cells. (**a**) U937 cells were treated with GOFA and the combination of LPS+GOFA and after 24 h cells were stained with propidium iodide for cell cycle analysis and detected by flow cytometry. Percentage of cells was calculated by using MultiCycle software; (**b**) HCT116 cells were treated with GOFA and the combination of LPS+GOFA and after 24 h treatment, cells were processed as described earlier and cell cycle analysis were performed by Flow cytometry. The figures shown are representative analysis from at least three experiments. \* *p* \< 0.05 vs. control cells; ^\#^ *p* \< 0.05 vs. cells treated with LPS alone.](antioxidants-09-00470-g003){#antioxidants-09-00470-f003}

![Determination of GOFA effect on U937 and HCT116 cell migration. (**a**) Flow cytometric density dot plots (FSC/SSC) of U937 cells, show that cell populations are consistent in the bottom chamber when cultures are stimulated with LPS and treated with GOFA (10 and 50 µM) for 24 h (upper panel). The numerical representation of the cell flow/min in the different experimental conditions is displayed in the lower panel. As shown, the cell count is significantly augmented after the LPS stimulation. In parallel, the number of cells clearly decreases in the presence of loading concentrations of GOFA. The values are presented as the mean ± SD of three independent experiments. \* *p* \< 0.05 vs. control cells and \# *p* \< 0.05 vs. LPS treated cells; (**b**) representative images of scratch assay for HCT116. Cell monolayer was wounded by a 200 µL pipette tip followed by treatment with various concentrations (0.1, 1 and 10 µM) of GOFA for 24 and 48 h after stimulation with LPS. Scale bar = 100 μm (Upper panel). Scratch closure was evaluated measuring the remaining cell-free area and expressed as percentage of the initial cell-free area (lower panel). ^\#^ *p* \< 0.05 vs. LPS treated cells at the same time.](antioxidants-09-00470-g004){#antioxidants-09-00470-f004}

![GOFA effects on apoptosis and cell senescence. The effect of GOFA on apoptosis of U937 (**a**) and HCT116 (**b**) cells. The cells were treated with indicated concentration of GOFA for 1 h and then exposed to LPS for 24 h. An Annexin V assay was used for apoptosis detection. (**c**) Bar diagram showing specific effect of GOFA on caspase 3 fluorescent activity on LPS-treated U937 and (**d**) HCT116 cells; (**e**) evaluation of cellular senescence effects of GOFA on U937 and (**f**) HCT116 cells. Cellular senescence was measured using the cellular senescence assay, in which the SA-β-Gal activity was normalized to total protein concentration. All values represent the mean ± SD of three independent experiments. \* *p* \< 0.05 vs. control cells; ^\#^ *p* \< 0.05 vs. cell treated with LPS alone.](antioxidants-09-00470-g005){#antioxidants-09-00470-f005}

![GOFA effects on MMP-9 for U937 (**a**) and HCT-116 (**b**) cell lines. Cell-free conditioned media were assayed for MMP-2 and MMP-9 activity by gelatin zymography. The activity of MMP-9 (92 kDa) (bottom) was reported with fold induction values compared to control MMP-9 activity. Zymogram (top) is representative of 6 gels using 3 separate pools of total protein extracted from cell lines. Changes in MMP-9 gene expression were determined by qRT-PCR assay, using the (ΔΔCt) method and 18S as housekeeping gene. One-way ANOVA, values represent mean ± SD (*n* = 6); ^\*^ *p* \< 0.05 vs. control cells; ^\#^ *p* \< 0.05 vs. cell treated with LPS alone.](antioxidants-09-00470-g006){#antioxidants-09-00470-f006}

![Effects of GOFA on preventing LPS-induced reactive oxygen species (ROS) production in U937 (**a**) and HCT116 (**b**) cells. Antioxidant activity of GOFA against oxidative stress LPS-induced, measured by DCFH-DA assay and compared to ROS scavenger, N-acetyl-L-cysteine (NAC). Results (*n* = 3) are reported as means ± SD. ^\*^ *p* \< 0.05 vs. control cells; ^\#^ *p* \< 0.05 vs. cell treated with LPS alone.](antioxidants-09-00470-g007){#antioxidants-09-00470-f007}

![Effects of GOFA on p-p38 and pERK1/2 kinase. Analysis of phosphorylation level of p38 and extracellular signal-regulated kinases (ERK) in GOFA-treated U937 (**a**) and HCT116 (**b**) by Western blotting. Selective inhibitor of p38 (SB203580), ERK (PD980559) and ROS (N-acetyl-L-cysteine, NAC) was used as positive control. Cells were pretreated with selective inhibitors for 30 min and treated with LPS or GOFA + LPS for 24 h. The ratios of p-p38/β-actin and p-ERK/β-actin were calculated based on the relative band densities, respectively. These data are the results of a typical experiment (*n* = 3); ^\*^ *p* \< 0.05 vs. control cells; ^\#^ *p* \< 0.05 vs. cells treated with LPS alone.](antioxidants-09-00470-g008){#antioxidants-09-00470-f008}

![Effects of pharmacological inhibitors on MMP-9 activation and migration in U937 (A) and HCT-116 (B) cell lines. Cells were treated or not with GOFA, selective inhibitor of ERK (PD980559) and ROS (NAC). (**a**) MMP-9 activity by zymography (left) and numerical representation of the cell flow/min (right) in the different experimental conditions of U937 cells. ^\*^ *p* \< 0.05 vs. control cells; ^\#^ *p* \< 0.05 vs. LPS treated cells Data are reported as fold induction values (mean ± SD, *n* = 6). \* *p* \< 0.05 vs. cells treated with LPS alone. (**b**) MMP-9 activity by zymography (left) and histogram bar of scratch closure measuring the remaining cell-free area expressed as percentage of the initial cell-free area (right). \* *p* \< 0.05 vs. control cells (T~0~); ^\#^ *p* \< 0.05 vs. cells treated with LPS alone. The values are presented as the mean ± SD of three independent experiments.](antioxidants-09-00470-g009){#antioxidants-09-00470-f009}
